MD; for the International Collaboration on Endocarditis (ICE) Investigators* Background--Host factors and complications have been associated with higher mortality in infective endocarditis (IE). We sought to develop and validate a model of clinical characteristics to predict 6-month mortality in IE.
I
nfective endocarditis (IE) remains a serious disease due to its high morbidity and mortality.
1 Despite improvements in diagnostic testing, antimicrobial treatment, and surgical intervention, changes in the epidemiology of IE, including the rise of health care-associated infection and
Staphylococcus aureus as a virulent causative organism, 2, 3 increase the risk of complications and death in the acute phase of IE. Furthermore, survival after hospital discharge may be reduced by late complications and comorbid conditions.
In patients with active IE, complications such as heart failure, abscess formation, and embolic events portend poor prognosis and are regarded as indications for surgical intervention to improve the chance of survival. 6, 7 These complications have been associated with increased inhospital mortality, yet their impact on longer term outcome is not well defined. Although previous studies have developed risk models for IE survival, these studies have been limited by retrospective data collection, limited sample size, regional selection bias, and variable adjustment for surgical intervention. 8, 9 We hypothesized that specific clinical characteristics of an IE episode, including surgical intervention, would be associated with 6-month mortality in IE. Using 2 separate prospective multinational registries of definite IE, the objective of this study was to develop and validate a risk model for 6-month mortality in IE.
Methods Study Populations and Clinical Data
The study populations for this analysis were obtained from the International Collaboration on Endocarditis (ICE)-Prospective Cohort Study (PCS) and ICE-PLUS cohorts. These 2 prospective multinational registries collected consecutive cases of definite IE by modified Duke criteria, 10 with prespecified definitions of variables, as described previously. 3, 11 For the 
Statistical Analysis

Descriptive statistics
Baseline characteristics and clinical events are presented as medians with 25th and 75th percentiles for continuous variables and frequencies with proportions for categorical 
Propensity score models
A multivariable logistic regression model was fit in the ICE-PCS and ICE-PLUS data sets independently to calculate a propensity score (probability) for surgical treatment. The response variable was receipt of surgery during the index hospitalization. The model included variables that were selected a priori by an experienced cardiologist (A.W.) and from practice guidelines 6, 7 and previous studies 1, 12, 13 because those would be evaluated in the decision to treat IE with surgery. These variables were age >70 years, history of hemodialysis, history of intravenous drug use, time of ≥1 month since first IE manifestation, paravalvular complication, New York Heart Association class 3 or 4 (versus 1 or 2), aortic valve vegetation, new mitral or aortic valve regurgitation, and causative microorganism (S aureus, coagulasenegative staphylococci, and viridans group streptococci). The predicted probabilities of surgery were calculated and used as inverse probability weights in models predicting outcome. Weights were trimmed at 20 to avoid overly influential observations.
Model Derivation
The primary outcome variable was 6-month mortality. This information was coded as time-to-event data using an indicator of alive and time (in days) from admission to either death or 6 months after discharge for those who were alive at that time. Variables previously shown to be associated with survival in IE were selected a priori and included age in years (as categories ≤45, 46-60, 61-70, and >70), history of hemodialysis, diabetes mellitus, injection drug use, time of >1 month from first IE manifestation to admission, hospital-acquired infection, prosthetic valve IE, causative microorganism, aortic or mitral valve regurgitation, aortic valve vegetation, mitral valve vegetation, paravalvular complication, heart failure, New York Heart Association class 3 or 4 heart failure, stroke, embolization, persistent bacteremia, and surgery. The variables included in the final parsimonious derivation model were selected as follows. A Cox proportional hazards model predicting survival at 6 months after discharge was fit in the ICE-PCS data set, including all of the predictor variables listed above. Surgery was included as a time-dependent variable. The model was weighted by the inverse probability (propensity) of surgery. This "full" model was fit on 1000 bootstrap samples from the ICE-PCS data. Variables that were significant at P<0.05 in ≥90% of the bootstrap samples were included in the final model. In addition, several variables were included based on the previously described a priori criteria. The proportional hazards assumption was evaluated graphically through an analysis of Schoenfeld residuals. These residuals were plotted against time for each variable in the final model and examined for systematic deviations from constancy.
Model Validation
For internal validation, 1000 bootstrap samples were selected from the ICE-PCS data set. Propensity score for surgery was estimated for each sample and used for inverse weighting in proportional hazards models predicting survival at 6 months after discharge. These models included the same variables as those in the final development model. Harrell's C statistic 14 was calculated for each of these samples for comparison to that estimated from the model in the ICE-PCS data set. Because survival models include time to event as well as event, this index of predictive discrimination includes both outcome and time to outcome in determining concordance.
Each event (death) was paired with all other observations, and the pairs were considered concordant (1) for event/nonevent pairs, if the predicted probability of event was higher than the paired nonevent or (2) for event/event pairs, if the predicted probability of event was higher and the time to event was smaller, or the converse. Harrell's C statistic is the proportion of all pairs that were concordant.
For external model validation, the variables from the final prediction model derived from the ICE-PCS data set were fit in a proportional hazards model in the ICE-PLUS data set. As with the development model, this model was weighted by the inverse probability of surgery from the ICE-PLUS propensity model. Harrell's C statistic was used to compare the performance of the models in ICE-PCS and ICE-PLUS. 14 In another evaluation of model performance, a risk score was derived from the parameter estimates in the final Cox proportional hazards model. Each variable in the model was assigned an integer value based on the relative size of the parameter estimates. The risk score was then the sum of the products of the integer value times the variable value, and these were stratified into quintiles. The risk score ranged between 0 and 22, and the risk score ranges in the quintiles were 0 to 6, 7 to 8, 9 to 10, 11 to 16, and 17 to 22. KaplanMeier cumulative survival probabilities were plotted by stratum of risk score, and a log-rank test was used to determine statistical difference among the curves. Receiver operating characteristic analysis was performed for the simplified risk score to determine sensitivity and specificity for predicting 6-month mortality.
Sensitivity Analysis
To determine whether geographic region confounded the estimation derived from the Cox model in ICE-PCS, geographic region was added to the final model with the levels Europe, North America, South America, and other. In a second sensitivity analysis, we added the Society of Thoracic Surgeons (STS) IE score 15 to the final Cox model in the ICE-PLUS data set. Finally, to evaluate the sensitivity of the predictive model to variable selection, the bootstrap analysis of the development data set was repeated on the full set of variables selected a priori. The distribution of the Harrell's C values from this set of analyses was compared with those from models with the reduced set of predictors.
Statistical analyses were performed using SAS version 9.4 software (SAS Institute), and plots were generated with S-plus 8.1 (TIBCO Software Inc).
Results
The overall clinical characteristics of the 2 cohorts are shown in Tables 1 and 2 , including stratification by survival to 6 months after hospital discharge. In ICE-PCS (n=4049), 777 (19.2%) patients died in the hospital and 971 (24.0%) had died at 6-month follow-up; in ICE-PLUS (n=1197), 286 (23.9%) died in the hospital and 342 (28.6%) had died at 6 months. Characteristics strongly associated with 6-month mortality included hospital-acquired infection, diabetes mellitus, renal disease, hemodialysis, S aureus infection, heart failure and its severity, persistent bacteremia, and stroke.
Surgery was performed in 1949 of 4049 (48.1%) of ICE-PCS patients and 647 of 1197 (54.0%) of ICE-PLUS patients. A high percentage of patients who underwent surgery were transferred to the ICE sites (58% in ICE-PCS and 60% in ICE-PLUS). Surgery was performed at a median of 7 days (interquartile range 3-17 days) in ICE-PCS and 6 days (interquartile range 2-16 days) in ICE-PLUS. Types of valve surgeries performed are shown in Table 3 . In-hospital mortality in patients who underwent surgery was 313 of 1949 (16.1%) in ICE-PCS and 125 of 647 (19.3%) in ICE-PLUS; the 6-month mortality in surgically treated patients was 19.2% in ICE-PCS and 22.6% in ICE-PLUS.
The proportional hazards model results are summarized in Table 4 . Patient age and complications of IE, particularly advanced heart failure symptoms and stroke, were most strongly associated with mortality; viridans streptococcal infection and surgery were associated with lower mortality. The ICE-PLUS model included the same variables that were in the ICE-PCS model; no model reduction was performed. Kaplan-Meier survival curves for the proportional hazards models are shown in Figures 1 and 2 . Variables associated with complicated IE were present in higher percentages across the quintiles of risk, including older age, comorbid medical conditions, and IE complications; however, there was an inverse relationship between use of surgery and predicted 6-month mortality. The direction and strength of the associations were consistent across both IE cohorts. Harrell's C statistic was 0.715 for the derivation model and 0.682 for the validation model.
A simplified, weighted risk score was developed (Table 5 ) and correlated with observed 6-month mortality (adjusted R 2 =0.91 and R 2 =0.97 for ICE-PCS and ICE-PLUS cohorts, respectively) ( Figure 3 ). Using the simplified risk score, quintiles of risk for 6-month mortality were calculated, and the clinical characteristics of these subgroups are shown in Table 6 . The 6-month mortality rates for these quintiles are shown in Figure 4 . Receiver operating characteristics for the simplified risk score in the ICE-PCS derivation cohort are shown in Figure 5 . A simplified risk score ≥8 had sensitivity 86.7% and specificity 50.8% for predicting overall 6-month mortality (negative predictive value of 86% and positive predictive value of 39%). Sensitivity analysis for geographic region was performed in the derivation model for predicting 6-month mortality. Although geographic regions of North and South Americas were associated with a lower risk of mortality, the variables in the model were unchanged when geographic region was added. Similarly, sensitivity analysis of the validation model found a significant association for Society of Thoracic Surgeons IE score, but other variables including surgery remained statistically associated with mortality. In assessing the effect of variable selection on model fit, there was no important difference in Harrell's C statistic comparing the final derivation model with one including all of the variables selected a priori. The Schoenfeld residuals analysis revealed no violations of the proportional hazards assumption in the final derivation model.
Discussion
IE is often associated with serious complications, such as heart failure from progressive tissue destruction, stroke, and sepsis, yet other host and IE characteristics may also affect longer term survival. We derived and validated a simplified risk score for predicting 6-month mortality in IE using readily available clinical variables at the time of IE diagnosis. The prognostic significance of these variables on outcome was independent of surgical intervention, which was associated with a lower risk of mortality at 6 months after adjustment for surgical propensity. These independent and weighted risk factors for mortality were developed from a large prospective multinational data set and validated in a separate prospective multinational cohort of IE.
Previous studies have evaluated clinical characteristics associated with mortality in IE, generally focusing on in-hospital mortality. 13 In the ICE-PCS cohort, in-hospital mortality was associated with IE complications of prosthetic or mitral valve IE, pulmonary edema, paravalvular complication, and S aureus infection.
1 Longer term studies have demonstrated higher mortality rates in IE patients beyond the index hospitalization, predominantly due to noncardiovascular conditions. 4, 5 A recent study from Taiwan using administrative claims also found higher risk of cardiovascular events in long-term follow-up. 5 In our previous study of 1-year survival after prosthetic valve endocarditis, the rate of mortality remained high for the first 4 months after admission for IE in patients treated with medical therapy alone or in combination with surgery. 16 Predictors of intermediate-term mortality have also been evaluated in other studies of IE. In a retrospective regional study of left-sided IE, abnormal mental status, comorbid illness, moderate to severe heart failure, microbiologic organism at baseline, and medical therapy were associated with 6-month mortality in a logistic regression model. 8 This model was validated in a split-sample cohort but was limited to patients with complicated left-sided IE and did not evaluate surgery as a time-dependent covariate. 8 In a more recent retrospective study of possible or definite IE, Sy et al evaluated the time-dependent nature of these clinical characteristics during the index hospitalization. Whereas several variables of acute physiology (eg, heart rate, serum creatinine, platelet count) were associated with 6-month mortality on day 1, only heart failure, comorbid illness, and platelet count at 15 days were associated with this outcome. 9 Furthermore, surgery, which was performed in 57 of 192 patients, was not significantly associated with lower 6-month mortality.
9
The present study confirms many of these previous findings and extends the risk association to include a number of other baseline variables (including host factors of age and dialysis) and other IE complications, such as stroke or persistent bacteremia. A simplified weighted ICE prognostic score was developed for clinical use, and these prognostic factors for mortality were categorized into 4 groups of variables: host factors, IE characteristics, complications, and treatment with or without surgery. Many of the variables predictive of 6-month mortality, ranging from %10% to >50% across risk quintiles, have been associated previously with mortality during the index hospitalization, 1,13 and our risk score emphasizes the additive prognostic associations of these clinical characteristics. We found significant independent associations between mortality and nearly all IE complications that are accepted indications for surgical intervention. 6, 17 Importantly, in the validated model using the ICE-PLUS cohort, all IE complications that predicted mortality occurred before surgery was performed in those patients, illustrating the longer term prognostic significance of these sequelae, even with surgical treatment. The additional strengths of our study that improve the generalizability of the findings include the larger sample sizes in both derivation and validation cohorts; separate derivation and external validation cohorts of definite IE, including different years of data collection; consistency of the results despite differences in the 2 cohorts; and the contemporary, prospective, multinational data collection. Surgery was found to be independently associated with lower 6-month mortality in our risk models, even after adjustment for operative propensity and risk; however, surgery was performed less frequently in the subgroups of patients with highest risk of 6-month mortality, illustrating the selection bias for this intervention even in the presence of indications. Our recent study of surgical indications and treatment in the ICE-PLUS cohort found that approximately one-quarter of left-sided IE cases with indications for surgery did not undergo surgery due to operative risk factors, such as sepsis, but that surgery was associated with a survival benefit after adjustment for operative risk. 12 The present study highlights the risk of death related to host and IE characteristics even beyond the period of surgical intervention. Multidisciplinary strategies for management of IE cases by cardiologists, infectious disease specialists, and cardiac surgeons have been found to improve survival, 18, 19 but additional studies are needed to optimize the use of surgery in higher risk patients. Our study has several limitations. All participating ICE sites are referral centers with multidisciplinary experience in the management of IE and the availability of cardiac surgery, which may affect the generalizability of the results. Regional differences in IE characteristics and treatment may exist within the cohort, but sensitivity analysis by geographic region did not substantially change the hazard ratios for mortality in the derivation model. The use of surgery was not prespecified by a study protocol, but we have previously found that surgery was performed for guideline-directed indications 6, 7 in the ICE-PLUS cohort. 12 Although treatment selection bias for surgery may influence the results of the present study, surgical intervention was evaluated as a timedependent variable with inverse probability adjustment for surgery in both models. Other clinical variables not collected or included in the models may be associated with mortality or may confound the relationships between defined variables and outcome. In summary, clinical characteristics of the host, pathogen, IE episode, and surgical treatment are independently associated with 6-month mortality in IE. A simplified prognostic score may be used to identify specific risk subgroups to compare treatment strategies and to optimize the use and timing of surgery.
